We introduced a continuum method for modeling of intermediate phase growth and numerically simulated three common experimental situations relevant to the physical metallurgy of soldering: growth of intermetallic compound layer from an unlimited amount of liquid and solid solders and growth of the compound from limited amounts of liquid solder. We found qualitative agreements with the experimental regimes of growth in all cases. For instance, the layer expands in both directions with respect to the base line when it grows from solid solder, and grows into the copper phase when the solder is molten. The quantitative agreement with the sharp-interface approximation was also achieved in these cases. In the cases of limited amounts of liquid solder we found the point of turnaround when the compound/solder boundary changed the direction of its motion. Although such behavior had been previously observed experimentally, the simulations revealed important information: the turnaround occurs approximately at the time of complete saturation of solder with copper. This result allows us to conclude that coarsening of the intermetallic compound structure starts only after the solder is practically saturated with copper. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2424530͔
I. BACKGROUND

A. Experiment
Physical metallurgy of soldering presents many interesting problems: transformations in the solder, transformations in the contacts, and mechanical and electrical properties of the joints. 1 One of the problems that is critical for soldering industry is the formation and growth of an intermediate phase between the solder and the contact. The occurrence of an intermediate phase near 50 at. % of Sn in the Cu-Sn system at temperatures below 415°C was observed in 1904. 2 This transformation was found to be associated with significant amount of heat of formation ͑first-kind transition͒, but details regarding the nature of the phase mostly have been unknown at the time. Later on this phase ͑ phase͒ was identified as an intermetallic compound ͑IMC͒ Cu 6 Sn 5 . 3 The compound Cu 6 Sn 5 undergoes another phase transformation at approximately 189°C, which was identified as a secondkind order-disorder transition ͑ ↔ Ј͒ associated with the formation of a long-period superlattice. The compound grows in the form of a layer with morphology strongly dependent on the temperature of soldering: Onishi and Fujibuchi 4 showed that the growth of IMCs from solid-state Cu-Sn diffusion couples results in a relatively planar layer of IMC. However, observations of the intermetallic growth in the solid-Cu͑Ni͒/liquid-Sn system ͑above the melting point of the solder͒ instead of a smooth layer always show rough, strongly undulated compound layers with scallops of the intermetallic phase. [5] [6] [7] With time scallops grow larger but fewer, indicating that the coarsening process takes place. 6, 7 The problem of IMC layer growth has many challenges, the reasons for roughness and coarsening, to name only a few. To describe this process Kim et al. 6, 8 suggested a two-flux nonconservative Ostwald ripening model based on the assumption of rapid dissolution of Cu into the liquid solder. Hayashi et al. 5 suggested the fast dissolution of Cu 6 Sn 5 along the grain boundary as the reason for scallopedge appearance. However, the suggestion of the predominant dissolution in the system remained unsubstantiated. Boettinger et al. 9 studied the effect of thickness of Sn-Pb eutectic solders on IMC growth and dissolution of copper. The authors found that the dynamics of IMC/solder boundary was nonmonotonic: the boundary moved in the direction of the substrate for some time that depended on the thickness of the solder before turning in the direction of the solder.
To resolve the problem of the mechanism of IMC layer formation and growth, Lord and Umantsev 10 conducted an experiment with the intent to capture the growth on the very early stages. Fast dipping and pulling of a copper coupon in liquid solder allowed the workers to study motion of the boundaries of the layer relative to the original solder/contact interface, the base line. On the basis of the experimental results the authors concluded that the growth of IMC layer from molten pure-Sn solder proceeds by the creationdissolution mechanism ͑CDM͒: the leading edge of the IMC moves into the substrate and creates the compound, while the trailing edge, moving in the same direction but slightly slower, dissolves the newly formed compound. The small difference in the leading and trailing edge velocities entails the rate of growth of the IMC layer. Lord and Umantsev identified the dissolution of the grain boundaries as the primary reason for the formation of undulations of the IMC layer in the form of scallops and confirmed the suggestion made in Ref. 5 . Quantitative analysis of the growth rates of a continuous IMC layer showed that the early stages are controlled by the kinetics of dissolution of the copper, with the kinetic coefficient of dissolution of copper in pure tin being ϳ1 mm/ s mfr. On the basis of this analysis and other literature Lord and Umanstev introduced a hypothesis that coarsening of IMC layer starts around the time of saturation of the solder.
B. Theory
For better understanding of physical metallurgy of intermediate phase formation and growth one needs a theoretical or computational model capable of describing all different regimes of this process. A number of authors tried to address the problem of intermediate phase growth in the framework of a multiphase Stefan problem. [11] [12] [13] Gibbs derived a system of two equations for the growth-rate constants and studied different limiting forms of the solution. 12 Although this approach proved not to describe soldering correctly ͑e.g., the thickness of IMC layer growing from the molten solder does not obey square-root time law 7 which follows from the theory͒, it still captures essential physics of the intermediate phase growth, for instance, different regimes of growth depending on different ratios of diffusion coefficients in solder, IMC, and copper phases. That is why we extended this method on a particular case that describes liquid-state soldering and presented the results in Appendix A.
C. Computation
Many problems of soldering may be resolved with the help of the numerical simulations. Although significant progress in the problem of solder microstructure formation and evolution has been made in the past few years, 19 the problem of modeling of IMC growth remains unresolved. A numerical model capable of reproducing experimental results on the IMC layer formation and growth is a multifaceted project with many separate components that affect the outcome of the transformation. For instance, nucleation of the intermediate phase or growth of grains, which make up the layer of IMC, should be included in the dynamical scheme describing the evolution of the system. However, in the present publication we disregard the grain structure of the IMC layer and consider only the one-dimensional evolution of it from a solid/solid or solid/liquid diffusion couple. Simulation of the full, two-or three-dimensional, structure and evolution of the growing IMC layer will be addressed in a following publication. Wherever possible the numerical results will be compared to the theoretical and experimental ones. Such models may help in the analysis of many of the experiments on crystallization, which may be described as the growth of a layer of intermediate phase between a molten phase of one composition and solid phase of another composition ͑e.g., growth of superconducting layers of MgB 2 or aluminizing treatment of the surface of nickel-base superalloys͒.
II. CONTINUUM METHOD
A. The free energy of the system
Continuum method has become the method of choice for modeling of very different phase transformations in the past decade. The success of the method is due to its computational flexibility and ability to transcend the constraints of limited spatial/temporal scales, imposed by strictly microscopic or macroscopic methods, hence becoming a truly multiscale one. Phase transitions in materials may be characterized by one or more coarse-grained continuous variables l commonly called order parameters ͑OPs͒, which take on specified values in the phases of interest, and the densities of different components, 1 , 2 , 3 ,..., which specify the overall composition of an alloy. The free energy in the continuum approximation becomes a functional over the entire system with the free energy density being a function of these variables as well as their gradients. Details of the method may be found in the literature. [14] [15] [16] [17] We define the process of intermediate phase growth as simultaneous crystallization plus ordering of a growing phase. Thus, the thermodynamic system of interest here should be able to undergo liquid↔ solid and order↔ disorder transitions, which may be accompanied by solute redistribution. Crystallographic analysis shows that the transition from disordered solid solution ͑fcc-copper phase͒ to ordered intermetallic compound ͑ phase͒ is of the first kind, while the ↔ Ј transition at lower temperatures is of the second kind. 3 The latter does not play a significant role in soldering with molten solders and will not be considered in the present work; neither will phase ͑Cu 3 Sn͒ be considered. However, we would like to notice that extension of the model on ↔ and ↔ Ј transitions is straightforward. In the present publication we consider the case of a binary system, so that the compositions of both phases may be described by the mole fraction of the solute, c, instead of the densities of the components. Hence, the phase space of the system will include three coordinates: two OPs representing crystallization, , and ordering and c representing the concentration of solute ͑Cu in the present treatment͒.
In the following we use the Gibbs free energy in the so-called square-gradient approximation:
with the following expression for the free energy density:
The thermodynamic parameters, barrier heights a q , and gradient energy coefficients q , q = , and , are associated with the interfacial properties. For the details of the choice of the free energy density consult Ref. 17 . As one can see from Eq. ͑2͒, the free energy of this type does not present direct interactions between crystallization and ordering processes expressed by cross terms of the type y z . In a thermodynamic system described by the free energy, Eq. ͑2͒, interactions between the processes of crystallization and ordering proceed indirectly through the concen-are four points that correspond to equilibrium phases: ͑s: =0, =0͒ atomic-liquid solder phase, ͑c: =1, =0͒ fccsolid copper phase, and ͑i: =1, =1͒ intermediate phase.
The fourth equilibrium point ͑m: =0, =1͒ may be interpreted as a molecular liquid phase with the free energy
The free energies of the liquid solution, f s ͑c͒, fcc-solid solution, f c ͑c͒, and intermediate phase, f i ͑c͒, may be obtained either from first-principles calculations or from an appropriate database. In this paper the molar free energies of the phases G ␣ ͑c͒, ␣ = c, i, s, at T = 275°C were obtained from Thermocalc® database. 18 They are depicted in Fig. 1 together with the phase m calculated using Eq. ͑3͒; insert in Fig. 1 shows the OP plane of the phase space ͑c , , ͒. For the numerical calculations the molar free energies of the phases were converted into the free energy densities by dividing them by the respective molar volumes v ␣ m . In the present publication the free energies of phases were taken in the parabolic approximation
because it greatly simplifies the common-tangent construction for the determination of the equilibrium phase compositions ͑details are given in Appendix B͒. The free energy coefficients, the molar volumes, and the two-phase equilibrium concentrations are given in Table I . Here and below C ␣/␤ means concentration of ␣ phase in equilibrium with ␤ phase and ␤ = c, i, s.
B. Dynamics of order parameters and diffusion of species
If the system is set up in nonequilibrium state, it will be evolving in the direction of equilibrium due to the presence of the thermodynamic driving force, which is expressed as the variational derivative of the free energy. As OPs do not obey any conservation constrains, their evolution equations are of relaxational type and are known as the time-dependent Ginzburg-Landau equations ͑TDGLEs͒,
Here the response coefficients ␥ q set the relaxation time scales q = ͑␥ q a q ͒ −1 . As we pointed out above, the diffusional transformations are characterized by another set of variables, densities i , which also may undergo changes together with the order parameters. The fundamental difference between the former and the latter is in the conservation constraints that the densities must obey. This difference is translated into the different type of evolution equation, that is, diffusion equation for the mole fraction of solute,
where M is the solute mobility coefficient. The system of coupling diffusion-type equations, Eqs. ͑5͒-͑7͒, describes the dynamics of the system. The temperature of the system will be assumed as constant.
To account for unequal diffusivities in the liquid, solid, and intermediate phases, which is critical for the present treatment, the solute mobility coefficient M must be assumed to be OP dependent. For a discussion of choices of such relationships one may consult Ref. 14. In the present study we are using the following function: 
͑8͒
The mobilities of the solder, M s , copper, M c , and intermediate phase, M i , can be easily recovered if the diffusion coefficients in these phases are known, because
Notice that in the present treatment for the mobilities to be concentration independent we do not need to introduce the "thermodynamic factor" c͑1−c͒ because the free energies of phases are taken in the quadratic approximation, Eq. ͑4͒. The diffusion coefficients used in the present work are given in Table I .
C. Interfacial material parameters
The parameters, a q , q , and ␥ q , are associated with equilibrium and dynamic properties of the interfaces and should be identified from experimentally measurable interfacial quantities. In case of phase transitions in pure materials these parameters may be obtained from physical or numerical experiments that bring the values of the interfacial energy q , interfacial thickness ␦ q , and kinetic coefficient k q,T .
Recently
17 the author considered a problem of extracting these parameters from physical or numerical experiments in binary or multicomponent alloy systems. He showed that in the case of a linear system, that is, if f ␣,2 Ϸ f ␤,2 ϵ f 2 , the barrier-height parameter a q , gradient energy q , and relaxation coefficient ␥ q may be expressed as follows:
Here k q,C is the solute kinetic coefficient taken from the relation V = k q,C ͑C ␣/␤ − c ␣ ͒, where c ␣ is the actual concentration in the ␣ phase in front of the interface. As one can see from Eqs. ͑10͒, in order to obtain the interfacial parameters ͑a q , q , ␥ q ͒ of alloys, one still needs the values of the same interfacial properties ͑ q , ␦ q , k q,C ͒.
Ravelo and Baskes 20 conducted a numerical experiment and calculated the reversible work required to pull pure solid copper from pure liquid tin. From this experiment the authors got relatively high values of 0.76-0.89 J / m 2 for the tin-copper solid/liquid interfacial energy at 300 K Ͻ T Ͻ 1100 K. We believe that such high values of the interfacial energy appear because alloying was not allowed in the simulations. Lord and Umantsev studied early stages of soldering reactions and showed that the experimental data on kinetics of dissolution of copper in tin can be interpreted through a relationship for the interfacial velocity V = k ,C ͑C s/i − c s ͒. For the compositional kinetic coefficient they found the value of k ,C Ϸ 1 mm/ s mfr in the temperature range of 520 K Ͻ T Ͻ 620 K. Because the experiments were done on the early stages of the soldering reaction when the IMC layer is very thin and thus may be ignored, the obtained value of the compositional kinetic coefficient can be attributed to the twophase solid/liquid Cu-Sn system. As this system satisfies the conditions of linearity, see Table I , the interfacial parameters ͑a , , ␥ ͒ can be calculated using Eqs. ͑10͒; the interfacial thickness ␦ was assumed to be equal to 1 nm. The parameters ͑a , , ␥ ͒ may be obtained from the first-principles calculations or from experimental data on order↔ disorder transition in solid state. Because such data were not available these parameters were estimated here as a = ͑1/2͒a , = ͑1/2͒ , and ␥ = ␥ . The calculated material parameters used for computations are given in Table II .
D. Scaling
As it has been proven many times, numerical calculations may be done more efficiently, and the results are easier to interpret if the calculations are performed in scaled units, with the scales chosen to reflect the physical properties of the system under consideration. In the present treatment we choose the following scales: All the numerical results presented in the next section are in the scaled units of length and time. Scaling of the diffusion equation, Eq. ͑7͒, yields the dimensionless diffusion coefficients in the bulk phases,
Only one-dimensional numerical simulations are presented in this publication. The straightforward explicit numerical technique was used to solve the dynamical equation; no antitrapping currents were used. 
III. NUMERICAL RESULTS
The numerical simulations described in this paper correspond to soldering in a Cu-Sn couple with different amounts of solder ͑tin͒ when the copper part of the couple is placed on an inert substrate ͑e.g., computer board͒. In the soldering industry two significantly different situations are usually encountered: "solid-state" soldering and "liquid-state" soldering. Experimentally the solid-state soldering is more difficult to realize due to necessity to establish a completely uniform contact between the components of the couple. The latter may be achieved by one of the following techniques: electrodeposition of tin, pretinning of copper, or polishing of solid parts of the couple and clamping them together. The technical details of experiments are not important for the physical metallurgy of the intermediate phase formation and are not reflected in the simulations presented here. The main difference between the two situations is the temperature of the process, which translates into differences of many physical parameters: physical state and viscosity of the solder, free energies of the phases, interfacial parameters, etc. However, by far the greatest effect of the temperature difference is on the diffusion properties of the solder. Pertaining to the experimental situations the temperatures that we are reproducing are T = 220°C for the solid-state soldering and T = 275°C for the liquid-state one. Otherwise the simulations are completely isothermal and do not address the problem of the temperature effect in soldering, which should be a subject of a separate study.
In the present work the diffusion coefficient in the solder and both relaxation coefficients were chosen as the parameters that distinguish between solid-state and liquid-state solderings, see Tables I and II Temporal behavior of the system was analyzed by calculating the positions of the interfaces of the IMC layer. The position of the IMC/solder interface with respect to the substrate, x is , was determined as the numerical integral over the crystallization OP , which measures the total amount of the solid phase ͑copper phase plus IMC͒. The total amount of the IMC phase, ⌬X = x is − x ci , was determined as the numerical integral over the ordering OP . The difference between the two integrals yields the position of the IMC/copper interface with respect to the substrate, x ci . For comparison of the numerical results with the theory, positions of the interfaces were reckoned with that of the base line, x b , and represented in the form
while the theoretical results from Appendix A were scaled and represented in the forms
͑14͒
Comparison was made for n ␣ with 1 / 2 and A ␣ with B ␣ . We started with a layer of pure copper, approximately 200 space units thick, "sitting" on the inert substrate and a layer of pure tin solder of given thickness on top of the copper. Unlimited amount of solder was modeled by the thickness of the solder layer greater than the thickness of the diffusion layer at all times of simulation; when the concentration of Cu on the far end of the solder reached the level of 10 −6 , the simulation was terminated. To avoid modeling precipitation of IMC phase, we started with a thin layer of the compound between significant amounts of pure tin and pure copper. In order to overcome the collapse of the initial layer of IMC, its thickness, ⌬X Ϸ 20 units, was slightly greater than the sum of the thicknesses of interfaces of this layer with the bulk phases ͑for the numerical parameters used in the present work the thicknesses of interfaces were approximately seven space units each͒. Position of the baseline, x b , was determined as the average of x is and x ci at the beginning of simulations. Because the precipitation was replaced with the introduction of the initial layer, the system goes through the adjustment process first. Adjustment of the interfaces is very fast, 10-50 time units, while adjustment of the diffusion field is significantly slower, but was never more that 5% of the total simulation time. Adjustment periods were included into the time counts for comparison with the theory.
A. Case A: Solid-state soldering with unlimited amount of solder
In Fig. 2 concentration c, crystallization , and ordering OP fields are represented at the time t = 2.0ϫ 10 5 . Figure  2͑a͒ shows the distributions of these fields in real space in the direction perpendicular to the interface. The boundaries of the IMC layer, x is and x ci , move in opposite directions with respect to the base line, which corresponds to the experiments of Onishi and Fujibuchi. In Fig. 2͑b͒ the same fields are depicted in the phase space: crystallization OP and concentration c as functions of the ordering OP . Figure   2͑b͒ shows that concentrations in the bulk phases adjacent to the interfaces closely approach their equilibrium values.
In Fig. 3 are depicted positions of the IMC/solder, x is , and IMC/copper, x ci , interfaces versus time. In the spirit of Eq. ͑13͒ the numerical data on the thickness of the IMC layer were fitted into the following relation: ⌬X = A cs ϫ t n cs . The fitting produced n cs = 0.43± 0.005 and A cs = 0.61± 0.01. The numerical prefactor A cs may be compared with the theoretical one, B cs = 0.67, obtained from Eq. ͑A3͒ using the values of equilibrium solubilities from Table I . Proximity of the numerical exponent n cs to 1 / 2 and prefactor A cs to B cs allows us to consider the bulk diffusion as the rate limiting process 
B. Case B: Liquid-state soldering with unlimited amount of solder
In liquid-state simulations the system goes through a substantial self-adjustment process, which ends up with the formation of a "nucleus" in the form of a thin partially ordered layer of solid IMC of composition close to the equilibrium. With time the IMC layer orders and moves in the direction of the copper, which means that the molten solder dissolves the copper phase. In Fig. 4 are depicted spatial distributions of the ordering OP and concentration c for the nucleus after 10 5 time units, and the layer after a significant soldering time of 12ϫ 10 5 ͑the distributions of crystallization OP is not shown͒.
In , which is close to the numerical exponent of n cs = 0.19. We do not exclude a possibility that this is a mere coincidence because the deviation from the parabolic law in the experiments can be caused by the factors which were not included in the present model, e.g., grain boundary diffusion.
The data on the average position of the layer in Fig. 5 fitted into the parabolic expression, X i = A i t 1/2 , gave the numerical prefactor A i = 0.0994± 0.001, which matches closely the theoretical one, B i = 0.1055, obtained from the CDM approximation of the three-phase Stefan problem, Eq. ͑A7͒, using the equilibrium solubilities from Table I . Overall, the numerical results present at least qualitative agreement with the experiments of Lord and Umantsev who showed that the IMC/solder and IMC/copper interfaces move in the direction of the copper, the creation-dissolution mechanism. Unfortunately the linear regime of CDM was not reproduced numerically because of the adjustment period, while the parabolic regime was not reproduced experimentally because the experiments were done on early stages only.
C. Case C: Limited amount of molten solder
In order to study the behavior of the system with limited amount of liquid solder we computed the model described by Eqs. ͑1͒-͑7͒ with different thicknesses of the solder phase: ͑a͒ 300, ͑b͒ 1300, and ͑c͒ 2500 space units. In this series of numerical experiments the simulations were not terminated when the concentration of Cu on the far end of the solder reached the level of 10 −6 . In Fig. 6 are depicted positions of the boundaries of IMC layer versus time for three different initial thicknesses of the solder. Motion of the IMC/copper boundary is unidirectional towards the copper at all times of experiments. Motion of the IMC/solder boundary, however, is non-unidirectional: it starts moving in the direction of the copper phase but then stops, turns around, and starts moving in the direction of the solder phase. If the simulations were continued long enough the molten solder and the solid copper phases would have been completely consumed by the growing IMC phase. These simulation results are in good qualitative agreement with the limited amount of solder experiments of Boettinger et al. ͑quantitative agreement is not possible here due to different compositions of the solder in the experiments and simulations͒.
In Fig. 6͑d͒ is depicted the distribution of the concentration field for the initial amount of solder of 2500 space units at the time t = 2.0ϫ 10 6 , which is around the time of turnaround. Analysis of this concentration field clearly indicates that the turnaround occurs when solder reaches practically complete saturation.
IV. DISCUSSION
We introduced a continuum method for modeling of soldering reaction, which consists of dynamical equations, Eqs. ͑5͒-͑7͒, and the free energy expressions, Eqs. ͑1͒-͑3͒. We numerically simulated three common experimental situations relevant to the physical metallurgy of soldering: case A: IMC growth from an unlimited amount of solid-state solder ͑rela-tively low diffusion coefficient͒, case B: IMC growth from an unlimited amount of molten solder ͑relatively high diffusion coefficient͒, and case C: IMC growth from a limited amount of molten solder. We found qualitative agreement with experimental regimes of growth in all cases. For instance, the layer expands in both directions with respect to the base line at low temperatures and grows into the copper phase at high temperatures. In cases A and B the quantitative agreement with the sharp-interface approximation was also achieved. All this makes us believe that the continuum method may be used for quantitative modeling of an intermetallic phase growth from a molten solder. In addition, important physics of soldering has been learned: we found that in case C the turnaround of the IMC/solder boundary occurs approximately at the time of complete saturation of solder with copper. This result allows us to conclude that coarsening of IMC structure starts only after the solder is practically saturated with copper. 
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APPENDIX A: THREE-PHASE STEFAN PROBLEM
In the framework of a three-phase Stefan problem, growth of an intermediate phase is described by the motion of two planar boundaries, which clamp the growing IMC layer. Mathematically, the problem is formulated for the concentration field, c͑x , t͒, which obeys diffusion equations in the bulk of each phase and two sets of boundary conditions, equilibrium and flux, at each boundary. For a more detailed description of a Stefan problem reader should consult the literature. [11] [12] [13] The diffusion equations and boundary conditions may be easily derived as a sharp-interface limit from the continuum equations, Eqs. ͑5͒-͑7͒.
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The Stefan problem admits similarity solution, that is, motion of the boundaries with respect to their initial positions, the base line, is described by the square-root growth law. In this paper we take this law in the form
͑A1͒
where the direction from the base line to the copper phase is chosen as positive. For the similarity solution ͑A1͒ to satisfy the boundary conditions, the growth-rate constants ␤ s and ␤ c must be determined from the following system of simultaneous transcendental equations ͓see Eqs. ͑7͒ and ͑8͒ in Ref.
12͔:
Here C ϱ is the concentration in the solder far from the IMC layer, which does not change during the process, and ⌬C i 
Here ␤ i is the average growth-rate constant of the intermediate phase. Using the properties of the error functions 21 one can find from Eqs. ͑A2͒ that
Equations ͑A5͒ can be resolved for ␤ i and ⌬␤ as follows:
Here ⌰ is the undersaturation of the solder. Both interfaces in this case move in the same direction-towards the copper phase-with nearly equal, but still slightly different velocities, which allows for the intermediate phase thickening. Thus, this case describes the CDM of Lord and Umantsev.
For the average position of the layer Eqs. ͑A1͒, ͑A4͒, and ͑A6͒ yield
͑A7͒
The CDM approximation works if the diffusion in the solder is much faster than in the intermediate and copper phases, D s ӷ D i , D c , the interval of homogeneity of the intermediate phase is very narrow, ⌬C i Ӷ 1, and the solubility limit in the solder is very small, C s/i Ӷ 1. These thermodynamic and kinetic conditions are met in the Cu-Sn solid-liquid diffusion couple. Notice, however, that CDM does not work for the case of a saturated solder, ⌰ =0.
where ͓G͔ϵG ␤ − G ␣ . For C ␣/␤ and C ␤/␣ to exist the discriminant D must be positive,
If ͓G 2 ͔ 0, Eqs. ͑B3͒ can be resolved as follows:
A particular simple case of a parabolic system with ͓G 2 ͔ =0 was previously studied in Refs. 16 and 17 It was named linear because of the disappearance of the quadratic term in the equations for the equilibrium concentrations, see Eq. ͑B3a͒. Physically the linear system describes many cases of crystallization/melting transition in isomorphous systems. In this case,
